Abstract
27
Selenoproteins are proteins that incorporate selenocysteine (Sec), a non-standard 
62
The very existence of selenoproteins is puzzling. Sec can apparently be substituted by 63 cysteine (Cys)-as often happens during evolution (Zhang et al. 2006 ) (Chapple and (Tamura et al. 2004 ). In Drosophila, SPS1 has been 116 proposed to be involved in vitamin B6 metabolism (Lee et al. 2011 ) and in redox 117 homeostasis, since it protects from damage induced by reactive oxygen species (ROS) 118 (Morey et al. 2003 ).
119
Here we study the evolutionary history of SPS genes across the tree of life. We found 120 that the presence of Sec/Cys SPS genes, together with a few other gene markers,
121
recapitulates well the selenium utilization traits (Sec and SeU) in prokaryotic genomes.
122
Within eukaryotes, specifically within metazoans, we detected a number of SPS 123 homologues with amino acids other than Sec or Cys at the homologous UGA position.
124
We found that Cys-or Sec-containing SPS genes (SPS2) are found in all genomes 
174
Material S1). The Sec trait (SelD, SelA, tRNAsec, selenoproteins) was found in a slightly 175 larger group of organisms than the SeU trait (SelD, ybbB): 18% vs 16%, respectively.
176
The two traits showed a highly significant overlap: 10% of all species had both (p-value < 177 0.0001, one-tailed Fisher's exact test). The Sec and SeU markers showed a scattered 178 distribution across the prokaryotic tree, reflecting the dynamic evolution of selenium 
182
In almost every species with SelD (93%), genes for SelA and/or ybbB were identified, 
199
Previous reports have described a number of SPS genes fused to other genes (Zhang et 
234
As in prokaryotes, we found a few protist genomes in which SPS2 is fused to other 
244
The reconstructed gene tree of the bacterial, archaeal and eukaryotic SPS sequences 
267
Another duplication occurred within annelids, at the root of the Clitellata lineage. Finally,
268
a duplication occurred at the root of insects. In each of these duplications, a specific 269 substitution of the Sec residue was fixed: threonine in vertebrates, glycine in tunicates,
270
and leucine in annelids. In insects, however, the UGA codon was maintained after 
283
In the next section, we briefly describe each SPS duplication separately.
284

SPS phylogeny in vertebrates 285
All non-vertebrate deuterostomes (except tunicates) and Cyclostomata (jawless 
328
SPS phylogeny in insects
329
Insects provide a unique framework to study selenoprotein evolution. They have 
394
Overall, these results strongly suggest that the insect SPS1-UGA gene is translated.
395
Furthermore, a recent proteomics study in the hymenopteran Cardiocondyla obscurior 396 (Fuessl et al. 2014 ) yielded a few peptides mapping to the SPS1-UGA gene-albeit not 397 to the region including the UGA codon. Thus, we cannot unequivocally identify the amino 398 acid that is inserted in response to the UGA codon. Given that we observed two 399 independent UGA to Arg substitutions within insects, Arg could be a potential candidate.
400
Nonetheless, the recognition of a UGA codon by a standard tRNA for Arg would require 
409
Cold 
416
in very reduced and aberrant imaginal disc epithelia ( Figure 7A ; Alsina et al. 1998).
417
Thus, we used the Gal4-UAS system to activate different metazoan SPS1 genes in Figure SM5.3) . Moreover, the extant unduplicated SPS2 genes exhibit 448 stronger sequence similarity to SPS1 genes, than to SPS2 genes after duplication. The 
503
It is therefore expected that some genes shifted from one strategy to the other during 
591
It is tempting to speculate that the SRE/HRE stem loop structures, which are found not 
594
Figure SM6.1 and SM6.2). Indeed, the bacterial Sec insertion system is different from its 595 eukaryotic counterpart, both regarding the structure and the localization of the SECIS 596 element. In eukaryotes, the SECIS is characterized by a kink-turn core, and it is located 597 in the 3' UTR. In bacteria, the bSECIS it is a simple stem-loop structure (lacking the kink- 
603
The evolutionary history of the SECIS elements across the domains of life remains 604 largely unexplored. The assumption that SECIS and bSECIS are phylogenetically 605 homologous structures requires the re-location of the bSECIS to the 3'UTR, concomitant 606 with the radical alteration of its structure-for both of which it is difficult to postulate 607 plausible evolutionary mechanisms. In contrast, SRE/HRE are stem loop structures that localize next to the UGA codon, and resemble much more the bSECIS structure than the 609 SECIS does. In addition to structural similarity, bSECIS and HRE/SRE also share 610 functional similarity, since both disfavor termination at Sec-UGA sites during translation.
611
Thus, we hypothesize that the SRE/HRE structures (at least those in SPS genes) are 612 derived from bSECIS, and that the eukaryotic SECIS is an evolutionary innovation 613 unconnected to the bSECIS. After the emergence of the eukaryotic SECIS system, the 614 ancestral bSECIS function was "downgraded" to helper for Sec insertion (SRE). In 615 ancestral metazoans it was kept under selection to allow both Sec-insertion and non-Sec 
650
We also used Selenoprofiles with profiles derived from protein families that are markers 651 for other selenium utilization traits, ybbB and SelA. We used the same program with a 
657
Thus, we focused most of our analysis on the reference set, inspecting manually
658
candidates and filtering out all such cases.
659
For ciliates all predictions were manually adjusted, given their non-standard genetic 660 code. In addition to genomes, the NCBI EST database was also used to investigate 
677
The SPS phylogenetic history presented here has been deduced using parsimony as the 
716
"master alignment" that included the coding sequences of all SPS genes in our dataset.
717
The nucleotide sequence alignments employed were based on the alignment of the 718 corresponding amino acid sequences. Then, the master alignment was used to extract a 
724
For the best candidates, images of consensus structures were generated using the 
728
Rescue experiments in Drosophila
729
For rescue experiments we used the Gal4/UAS system (Brand and Perrimon 1993). We 
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Figure legends 
775
"SelD-Cys", "no gene found". The color is propagated to the lower ranks by hierarchy.
776
Transparency is used to display how many species under a lineage have the same label. 
